Background and Aim. The aim of this study was to evaluate the characteristics of synovial fluid (SF) white cell count (SWCC) and neutrophil/lymphocyte percentage in the diagnosis of prosthetic joint infection (PJI) for particular threshold values. Methods and Results. This was a prospective study of 391 patients in whom SF specimens were collected before total joint replacement revisions. SF was aspirated before joint capsule incision. The PJI diagnosis was based only on non-SF data. Receiver operating characteristic plots were constructed for the SWCC and differential counts of leukocytes in aspirated fluid. Logistic binomic regression was used to distinguish infected and non-infected cases in the combined data. PJI was diagnosed in 78 patients, and aseptic revision in 313 patients. The areas (AUC) under the curve for the SWCC, the neutrophil and lymphocyte percentages were 0.974, 0.962, and 0.951, respectively. The optimal cut-off for PJI was 3,450 cells/μL, 74.6% neutrophils, and 14.6% lymphocytes. Positive likelihood ratios for the SWCC, neutrophil and lymphocyte percentages were 19.0, 10.4, and 9.5, respectively. Negative likelihood ratios for the SWCC, neutrophil and lymphocyte percentages were 0.06, 0.076, and 0.092, respectively. Conclusions. Based on AUC, the present study identified cut-off values for the SWCC and differential leukocyte count for the diagnosis of PJI. The likelihood ratio for positive/negative SWCCs can significantly change the pre-test probability of PJI.
BACKGROUND
Prosthetic joint infection (PJI) is a feared complication of total joint arthroplasty. Accurate diagnosis of this complication is a key step for rational therapeutic management. To establish a standardized PJI diagnosis procedure, the Musculoskeletal Infection Society (MSIS) introduced a definition based on the presence of strong and standard diagnostic criteria 1 . In addition, several strategies have been proposed to increase the probability of accurate PJI diagnosis depending on individual clinical presentation 2 . The recommendation is to puncture artificial joints preoperatively when the probability of infection is increased by the erythrocyte sedimentation rate (ESR) and/or raised C-reactive protein (CRP). Some studies have discredited the value of elevated ESR and CRP at least in some patients 3 , which raised the question of the appropriateness of routine preoperative aspiration in all patients indicated for revision surgery regardless of the pretest probability of PJI. Joint fluid samples (JFSs) are sent for microbial, biochemical, and cytological examination (i.e. the synovial white cell count (SWCC) and differential count of leukocytes in synovial fluid). Several studies reported the potential of the SWCC for diagnosing PJI. As a result, national and international guidelines strongly recommend that patients' SWCC and neutrophil percentage be assessed for PJI (ref. [4] [5] [6] ). However, the proposed cut-off values for the SWCC (ranging from 1,100 to 50,000 cells/μL) and differential leukocyte count (in the case the neutrophil count it is between 60% and 89%) remain widely ranging 7 . The aim of this study was to show the diagnostic characteristics of the SWCC and neutrophil/lymphocyte percentage in the diagnosis of PJI for particular threshold values. Included were all patients who were treated for PJI at our institution and for whom the SWCC and differential leukocyte counts were available.
MATERIALS AND METHODS

Patient selection
Overall, 107 joints (105 patients) with PJI were diagnosed and treated at the Department of Orthopaedics, University Hospital Olomouc, Czech Republic, between January 2009 and August 2015. A routine set of examinations based on the PJI criteria described here was performed in all patients. However, joint fluid samples were neither obtained nor analyzed in 29 of them (27%). Therefore, 78 infected joints (hip or knee) were included in the study (Table 1) . The control group (n=313) included patients with total joint arthroplasties (total hip and knee replacements; THRs and TKRs) revised for aseptic reasons during the same period (Fig. 1 ). These patients were examined according to the same protocol as the PJI patients ( Table 2) . As a result, the proportion of PJIs revised for was 19.9% (78/391). All the revisions were carried out under standard conditions with written informed patient consent, and the study was approved by the local Ethics Committee. The data collection was planned before the index test as well as reference standard. In order to reflect true clinical situations, we included all patients who completed sampling in the study. 37 patients (47%) had received antibiotic pretreatment for a median of 25 days (minimum, 1 day) prior to JFS aspiration.
Definition of PJI
PJI was diagnosed according to the following criteria: 1) presence of a sinus tract communicating with a joint and/or intra-articular pus; 2) coincidentally positive results of histological examination (5 or more neutrophils per high power field) and culture of intraoperative samples; 3) if only intraoperative culture or histological results were positive, then at least two of the following signs had to be present: high clinical suspicion of infection (acute onset, fever, erythema, edema, persistent local pain, early prosthetic failure, wound healing disturbances, etc.), erythrocyte sedimentation rate > 30 mm/h, or C-reactive protein elevated more than 1.5 times above the laboratory reference value 8 . Interleukin 6 (IL-6) in the serum was tested in the most recent patients, and results above the laboratory reference value were regarded as positive. Plain radiography was not included in the diagnostic algorithm because of its low specificity with regard to PJI. Aseptic revisions were those that did not fulfill the conditions for PJI.
Early postoperative (onset before the 4 th postoperative month), delayed (onset between the 4 th to 24 th months postoperatively), and haematogenous infections were distinguished 9 . Relapsing infection was defined as a repeated failure of a joint previously revised due to repeated infection by the same bacteria regardless of the time since surgery. Reinfection was defined as PJI caused by bacteria different from the ones cultivated from the same prosthetic joint during the previous revision. "Positive intraoperative culture" meant positive intraoperative culture in patients revised for reasons that were assumed to be aseptic. Direct spread from infected surroundings was assumed, such as when erysipelas was followed by PJI of knee arthroplasty (Table 1) .
Synovial white cell count and differential count of leukocytes in synovial fluid
In order to minimize the risk of false positive results, synovial joint fluid aspiration was performed prior to surgical joint capsule incision. A minimum of 2 mL per method under study was collected, and then transported in special transport tubes with EDTA (Ethylenediaminetetraacetic acid) preventing agglutination of JFSs. The SWCC was performed using Sysmex XE-5000 (Sysmex Corporation; Kobe, Japan) automated hematology analyzer in the body fluid mode according to the instructions of the manufacturers. The resulting values are given in number of cells/μL. The differential count of leukocytes (i.e. neutrophil/ lymphocyte percentage) was determined manually by microscope: smears of joint fluid samples were performed that were stained by Pappenheim's panoptic staining method, and then evaluated under microscope per 100 cells (leukocytes) at 1000-times magnification. The resulting values are given as ratio or percentage.
Culture
Joint fluid aspiration was sampled for culture in the same manner as for the SWCC and differential count of leukocytes. After opening the joint, samples of granulation tissue were taken from at least three different sites (one from the capsule and two from host bone beds). Further, hard swabs were taken from the implant surfaces. Retrieved implants were sent for sonication in specific transport boxes. After sampling for microbial examination, systemic or local antibiotics were administered to all patients with the exception of 37 who had received antibiotic treatment before the surgery. Overall, we collected at least 5 samples (range, 5-9) per patient. All materials were transported to the laboratory immediately after sampling. Specimens were processed by the laboratory within 2 hours after collection according to the standardized laboratory protocols for aerobic and anaerobic cultivation in PJI (ref. 8 ). Sonication was performed according to the protocol published elsewhere 10 . Joint fluid aspirations were considered positive if there were any signs of growth, including in enrichment broth, but concordance between these and intraoperative findings was required. Intraoperative samples were considered positive for infection if the same bacterium was cultured from at least two different operative sites 11 .
Tissue sampling
Experienced pathologists collaborating with us on other implant-related studies performed the histology. The conclusion was positive when a mean of ≥ 5 polymorphonuclear leukocytes (PMNs) were seen on at least ten high power fields (HPFs) at 400-times magnification 12 .
Study design, statistical analysis During the study neither the microbiologists nor the cytologists knew the clinical and histological data. The data were collected and continuously entered into electronic spreadsheets (Microsoft Excel, Microsoft Corp., WA, USA). After the completion of the study, one of us who had not participated neither in the diagnosis nor therapy of patients, classified the patients in the study into two groups (those with and those without PJI) according to the criteria described above. Neither the SWCC nor neutrophil/lymphocyte percentage were part of the diagnostic verification.
All the statistical calculations including sensitivity, specificity, accuracy, positive and negative predictive values (PPVs, NPVs), positive and negative likelihood ratios (LR+, -), the diagnostic odds ratio (DOR) and their confidence intervals were performed using IBM SPSS Statistics v. 22. (USA). Other parameters were evaluated according to type using appropriate tests and the same statistical package. Statistical significance was set at P=0.05.
To dichotomize continuous data, it is necessary to determine an optimal cut-off value. Values above or equal to this value are then considered as positive. Values below this point were negative. We used the receiver operating characteristic (ROC) curves plotting the true positive rate (sensitivity) against the false positive rate (1-specificity). The area under the curve (AUC) served as a single measure characterizing the discriminative ability of a test across the full range of cut-offs. An optimal cut-off value was determined using the Youden index (J), (ref. 13 ). In order to be able to interpret all the data available from our JFS analysis (i.e. SWCC, neutrophil and lymphocyte percentages) simultaneously, the binomic logistic regression model was used. The first model involved the distinct outcome; the second model worked with binary outcomes (0 = negative outcome in relation to a particular cut-off point; 1 = positive outcome of the method in relation to a particular cut-off point). Prob value in this logistic binomic model is resulting probability that a particular patient has an infected (if prob > 0.5) or aseptic (if prob < 0.5) joint with sensitivity 88.9%, specificity 99.2%, the false positive rate 0.8%, and the false negative rate 11.1%.
RESULTS
Culture
The most frequent pathogen was Staphylococcus aureus (24.4%) followed by coagulase-negative staphylococci (17.9%), beta-haemolytic streptococci (14.1%) and viridans streptococci (6.4%). Polymicrobial infections were classified in 5.1% of cases. Culture negative infections were found in 29.5% of cases.
Synovial white cell count and differential count of leukocytes in synovial fluid
We compared the SWCC, neutrophil and lymphocyte percentages between patients with PJI and aseptic failure. SWCC medians were as follows: 39,000 cells/μL vs. 700 cells/μL (for THR and TKR); 36,300 cells/μL vs. 610 cells/μL (for THR), and 39,600 cells/μL vs. 740 cells/ μL (for TKR). Medians for neutrophil percentage were 90% vs. 42% (for THR and TKR); 91% vs. 46% (for THR), and 89% vs. 38% (for TKR). Medians for lymphocyte percentage were 3% vs. 50% (for THR and TKR); 3% vs. 47% (for THR), and 3% vs. 54% (for TKR). The MannWhitney U test assessed the probability less than 0.0001 that the infected and aseptic groups are identical as far as the SWCC, neutrophil and lymphocyte percentages are concerned.
Diagnostic utility of SWCC
The ROC plots to determine an optimal cut-off value for the SWCC had the area under curve of 0.974 (95% CI; 0.945 -1.000) for all groups together (regardless of the site). According to the Youden index J method, the cut-off value for the SWCC with an optimal balance of the true positive rate (sensitivity) and false positive rate (1-specificity) was 3,450 cells/μL (Fig. 2a) . The cut-off values for the SWCC were 4,100 cells/μL and 3,200 cells/μL (positive = values greater than or equal to them) when analyzed separately for THRs and TKRs, respectively. Corresponding diagnostic characteristics for each group in the study are shown in Table 3 .
As a result, the LR+ for all the SWCC cut-offs was high enough to influence significantly the diagnosis of PJI. Assuming a patient has a pre-test probability of PJI 50%, the post-test probability of PJI is 95% when the test is positive, and 5.6% when the test is negative (valid for LR+ = 19.0 and LR-= 0.06).
Diagnostic utility of neutrophil and lymphocyte percentages
The ROC plots to determine an optimal cut-off value for the neutrophil and lymphocyte percentages had the area under curve of 0.962 (95% CI; 0.939 -0.984) and 0.951 (95% CI; 0.924 -0.978) for all the groups together, respectively (Fig. 2b, c) . The cut-off values for neutrophil and lymphocyte percentages were 74.6% (positive = values greater than or equal to them) and 14.6% (valid for values less than or equal to them), respectively, for all the groups under study. The optimal cut-off values for neutrophil percentages were 76.5% and 72.8% when analyzed separately for THRs and TKRs. The data for lymphocyte percentages were 14.6% and 19.9% for THRs and TKRs, respectively. Corresponding diagnostic characteristics are shown in Table 3 .
Like the case of the SWCC, the LR for neutrophil percentages has the ability to change significantly the pre-test probability of PJI. Again, let's assume that the patient we are caring for has a pre-test probability of PJI 70% (based on history, physical examination, and elevated CRP or IL-6). The change of the pre-test probability as a result of neutrophil or lymphocyte percentage is shown in Fig. 3 .
Combination of the SWCC with neutrophil/lymphocyte percentage
Since we had all the data available for the majority of patients from whom joint fluid samples were taken preoperatively, it was necessary to interpret them collectively. 
Model for quantitative data
We wanted to know whether a joint with a particular value of the SWCC, neutrophil and lymphocyte percentages should be considered as infected or aseptic. The probability that a patient has an infection can be calculated using the binomic logistic regression model (characteristics of this model: -2 log likelihood = 56.938; Cox & Schnell R square = 0.584; and Nagelkerke R square = 0.898):
If prob is higher than 0.5, then the data are in favor of infection. If prob is lower than 0.5, then the data are against infection. Let's consider an example with the SWCC = 22,000 cells/μL, neutrophil percentage = 33% and lymphocyte percentage = 67%:
As prob is lower than 0.5, this patient should be considered as non-infected despite the fact that the SWCC is much higher than the relevant cut-off point (i.e. 3,450 cells/μL).
The same model can be applied separately on THA and TKA patients with the following characteristics: -2 log likelihood 23.025 and 32.704; Cox & Schnell R square 0.505 and 0.629; and Nagelkerke R square 0.878 and 0.910, respectively. The probability of THA infection can be calculated using the formula:
The probability of TKA infection can be calculated using the formula:
Let's consider that a patient with THR has the SWCC = 5,130 cells/μL, neutrophil percentage = 70.6% and lymphocyte percentage = 28.2%:
Let's assume the same case as above but under assumption it is a patient with TKR: = As both examples result in prob < 0.5, the outcomes are against the diagnosis of PJI.
Model for qualitative data
The second model was developed to calculate with categories (0 = negative outcome, and 1 = positive outcome) instead of distinct figures. When the model was applied for 1 defined as more than 3,450 cells/μL and 74.6% of neutrophil percentage, and lower than 14.6% of lymphocyte percentage, the parameters of the model were as follows: -2 log likelihood = 89.413; Cox & Schnell R square = 0.541; and Nagelkerke R square = 0.832.
Probability that a patient with binary outcomes of the SWCC, neutrophil percentage, and lymphocyte percentage has an infection can be calculated using the formula:
Using the same example as above and transcription with regard to infection with the positive SWCC (22,000 > 3,450 cells/μL) but negative neutrophil percentage (33% < 74.6%) and negative lymphocyte percentage (67% > 14.6%), the model results in prob < 0.5, hence against the infection:
The same model can be applied to the cut-off points for THA (1 is for outcomes higher than 4,100 cells/μL, 76.5% of neutrophil percentage, and lower than 14.6% of lymphocyte percentage) and TKA (1 is for outcomes higher than 3,200 cells/μL, 72.8% of neutrophil percentage, and lower than 19.90% of lymphocyte percentage) locations (-2 log likelihood 23.128 and 51.205; Cox & Schnell R square 0.505 and 0.588; and Nagelkerke R square 0.877 and 0.852, respectively).
The estimate of probability of infection in patients with THR is:
The estimate of probability of infection in patients with TKR is: flammatory arthritis 17 . Others, for example Schinsky 18 , do not report such exclusion. Some studies excluded patients with antibiotic pretreatment 15, 18 . In contrast, 47% of the infected patients in our study were treated with antibiotics prior to their operation. Dinneen et al. also excluded patients who were within six weeks of their primary TKR or THR as the post-operative inflammatory state would be likely to affect the normal SWCC and proportion of neutrophils in the aspirate 14 . Such patients were admitted to our study and were classified as early postoperative infection. At least one study reported optimal cut-off values of the SWCC and neutrophils for the diagnosis of PJI in the early postoperative period supporting their position in the diagnostic workout 19 . In order to eliminate the role of physicians participating in the care, one of the team members who had participated neither in the diagnostic process nor in the treatment process reclassified all the treated patients as infected or controls several months after revision surgeries when all the data related to PJI were available. A design-related bias is a potential source of inter-study discrepancies 20 . Here we conducted a prospective study of a very simple design; a well-known index test was evaluated comparing the results of JFS cytology with an independent reference standard, and appropriate statistics were employed. On the other hand, not all the requirements contained in STARD 2015 (ref. 21 ) were addressed in this study, partly due to the fact that the protocol of the study was planned between 2006 and 2008, and the permission of the Ethical Committee was obtained in 2009. 
DISCUSSION
In this study, we found that the SWCC and differential count of leukocytes analysis of JFS showed very good diagnostic characteristics for changing significantly the pre-test probability of PJI. Our results identified the cutoff value for the SWCC of 3,450 cells/μL and for neutrophil percentage of 74.6%. When the anatomical location was included, then the same figures were 4,100 cells/μL and 76.5% for THR and 3,200 cells/μL and 72.8% for TKR, respectively. In addition, very impressive diagnostic characteristics were revealed for the lymphocyte joint fluid count. Finally, we introduced the model enabling simultaneous interpretation of the SWCC, neutrophil and lymphocyte percentages.
Compared to previous studies, the optimal SWCC cutoff points in our study are higher, especially at the site of the knee (Table 4 ). The reason for the difference may lie at least partly in the definition of PJI used in particular studies, patients included, methodology and/or organizational differences among studies. Our study excluded patients with chronic inflammatory diseases like crystal arthropathies (e. g. gout, pseudogout) and tuberculosis. However, we included patients with rheumatoid arthritis contrary to other authors [14] [15] [16] who excluded all patients with chronic inflammatory joint diseases despite the fact that at least one study showed that the SWCC and differential count of leukocytes have similar cut-off values and overall testing performance in patients with chronic inflammatory arthritis compared to those with non-in-The value of a diagnostic test depends on how much the test changes the pre-test probability of a disease. PJI is defined as occurrence of vital and replicating bacteria on an implant surface and/or in the periprosthetic environment. Hence, there is no doubt that the finding of positive cultures makes the diagnosis. However, the contact of bacteria with host cells induces a complex response that is not exclusive for infection. This means for instance that neutrophils can be present in joint fluid even if there are no bacteria in the artificial joint. Under such circumstances, the quantity of leucocytes and an appropriate amount of their cellular fractions can be associated with prosthetic joint infection. A recent meta-analysis found excellent diagnostic power of the SWCC and neutrophil percentage 7 . The AUC was for the SWCC (0.96) and for neutrophil percentage (0.95) as well as the pooled sensitivity (0.88) and specificity (0.93) for PJI detection for both the SWCC and neutrophil percentage are fully comparable with our study. To demonstrate the diagnostic contribution of the SWCC and neutrophil percentage to PJI diagnosis/exclusion, the authors of the meta-analysis used the likelihood ratio scattergram. The starting point of 20% probability of PJI is relatively low because we do not know what this means in clinical terms. On the other hand, their example shows very well the diagnostic power of both the SWCC and neutrophil percentage. In our example, we used an increased probability of infection (70%) because we believe that the test (i.e. puncture of a joint followed by cytology, microbiology, other examinations) should be indicated only in patients showing probability of 50% and higher (i.e. when PJI is more probable than a chance). In addition, our study revealed potentially useful characteristics also for lymphocyte percentage.
Looking at the literature, all the studies reported the results of the SWCC and neutrophil percentage as independent while these are together with lymphocyte percentage highly dependent on each other in the description of the biological status of a joint. Moreover, all these variables are reported jointly by a laboratory. Finally, there are some patients who have increased SWCC while the neutrophil percentage is low and lymphocyte percentage is high. Therefore, there is a need to interpret these figures simultaneously in order to increase accuracy of cytological examination of JFS (ref. 22 ). However, in the bible of evidence based clinical approach, Furukawa et al. write: "If 2 tests are very closely related, however, the application of the second test (here neutrophil and/or lymphocyte percentages) may provide little or no additional information, and the sequential application of LRs will yield misleading results" (ref. 23 ). Therefore, we used the logistic binomic regression models either to include binary or particular values of the SWCC, neutrophil and lymphocyte percentages into the estimation of probability of PJI (i.e. probability that an observation falls into the diseased/non-diseased category based on imported outcomes). Logistic regression can be used to construct decision rules, reflecting the combined diagnostic value of a number of diagnostic variables 24, 25 .
CONCLUSION
In summary, this study strongly supports the usage of the SWCC and neutrophil percentage in the diagnostic workout for PJI. In addition, the role for the lymphocyte count is emphasized based on its diagnostic characteristics. On the other hand, the optimal strategy for integrating data from all cytological methods remains to be proved. Here we described the logistic regression model. Theoretically, other bivariate models or the hierarchical models as described in the Cochrane handbook can be used. Regardless of the chosen approach a large prospective study will be necessary to validate the multi-component probabilistic approach to PJI diagnostics. 
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